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Abstract

We propose the trophic-level based model as a new approach to analyse the functioning of marine ecosystems in both ecological
and fisheries contexts. The model considers a virtual ecosystem where all the animal biomass is distributed along a continuum
of trophic level classes. Biomass moves from one class to the upper ones according to predation and ontogenic processes. From
a given secondary production occurring at trophic level 2, the ecosystem biomass distribution can therefore be expressed as the
result of the biomass flow passing through the ecosystem, from low to upper trophic levels. The model is based on two main
equations. One is regarding biomass flow, which decreases according to fishing and natural losses occurring during transfers.
The other expresses the speed of the flow per trophic level, assuming that high metabolism rates induce fast transfers at the lower
trophic levels. Additionally, various hypotheses of ecosystem functioning are considered, dealing with the extent of top-down
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controls, the intensity of feedback effects on secondary production through biomass recycling and the occurrence of a
inaccessible to fisheries.

Depending on which trophic levels are targeted, various scenarios are simulated. Results highlight the impact of inc
fishing efforts on the ecosystem, in term of total biomass, biomass distribution and mean trophic level. We notably sho
high fishing pressure and low trophic level of first catch may lead to severe biomass depletions, even if no overfishing is ge
observed. Transfer efficiencies as well as flow kinetics appear as key characteristics of the ecosystems functioning, dete
its response to fishing pressure. Feedback effects on secondary production amplify the fishing effects. Conversely, the t
control may be a major feature of the ecosystem resistance to fishing. It implies that any catch may have effects for all
levels and can induce cascade effects in the ecosystem.

More generally, we show that the trophic-level based model, built from a small number of very simple and rather unquest
assumptions, leads to a relevant representation of ecosystem impacts of fishing. It might be regarded as a theoreti
contributing to our understanding of such impacts. We finally discuss on the use of the model in real cases and we ad
usefulness to build a general theory on marine ecosystem functioning.
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1. Introduction

Fisheries management is nowadays still largely
based on single species approaches, using models of
population dynamic-developed since the 1950s. Stock
assessment procedures are thus applied to each of the
main targeted species and particularly intend to gen-
erate stock-specific annual advices and management
recommendations like total allowable catches (TAC).
Nevertheless, over the last decade improving ecosys-
tem approach to fisheries has progressively been recog-
nised as a necessity (Garcia, 2005) and we assist to
the development of a wide range of models dealing
with fishing effects at ecosystem scale. These new
approaches should be considered more as complemen-
tary than alternatives to the single species ones. Indeed,
ecosystem-based fisheries management is not meant to
replace stock-assessments, which could be considered
as tactical, but to provide a strategic context to it and
criteria to choose TAC’s (Christensen and Pauly, 2004).

In this context, a general consensus has emerged
in the community of fisheries scientists that study-
ing trophodynamics is a major concern to improve
our understanding of marine ecosystems functioning
(Pitcher and Cochrane, 2002; Cury et al., 2003). Since a
few years, many ecosystem case studies have been anal-
ysed, generally using models that express trophic flows
between the various groups present in the ecosystem.
The most popular model and software that relies on the
allocation of biomass in discrete groups is the mass-
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It is the result of what is eaten and represents a state
variable characterising each unit of biomass present in
an ecosystem. Thus, trophic levels can be used in order
to analyse and model transfers in the food web, due to
predation which implies discrete transfers of biomass
from each prey to its predator, as well as to ontogenic
processes characterized by continuous changes accord-
ing to growth.

The trophic-level based model considers all the ani-
mal biomass of the ecosystem, distributed along a
continuum of trophic level values split into fractional
classes. Biomass moves from one class to the upper
ones according to biomass flow equations, depending
on natural processes and fishing.

Considering here a virtual ecosystem under steady
state, theoretical simulations were conducted in order
to analyse consequences of fishing on catches and
ecosystem biomass, per trophic level or at the whole
ecosystem scale. The model is firstly presented. Various
hypotheses of ecosystem functioning are considered,
dealing with: the extent of top-down controls, the inten-
sity of feedback effects on secondary production and
the occurrence of a biomass inaccessible to fishing.
Simulations are then conducted with increasing fishing
efforts and various scenarios in term of trophic levels
targeted. We show the effects of the considered eco-
logical hypothesis on yield, biomass and trophic levels
trends.

We finally discuss the use of the trophic-level based
model in real cases and we address its usefulness to
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alanced Ecopath model (Polovina, 1984; Christens
nd Pauly, 1992) and its dynamic extension Ecos
Walters et al., 1997). Each group merges all spec
haracterized by similar preys and predators and is
idered as a functional group in the ecosystem. S
odels appear as useful tools to investigate the ec

em functioning and to analyse the past and pre
ffects of fishing. Nevertheless, they do not provid
eneral theory on ecosystem impact of fisheries. P
bly due to their high number of parameters, they
ppear until now as poor tools of forecasts.

We propose here the trophic-level based mode
theoretical representation of ecosystem functio

nd impact of fishing. This model can be regar
s a new step in the trophodynamic approach; it
ot consider species any more but is directly base

rophic levels. The trophic level may be considere
he metric, which expresses the trophic process it
nalyse ecosystem effects of fishing and to build a
ral theory on marine ecosystem functioning.

. Method

.1. Biomass equations

The trophic level concept was firstly introduced
indeman (1942)to characterise the position of orga

sms within the food webs: 1 for primary produc
nd detritus, 2 for secondary producers, 3 for t
redators, etc.Odum and Heald (1975)andAdams e
l. (1983)defined fractional trophic levels for mixe
egimes; thus, trophic levels of animals appear co
ously distributed in the ecosystem.

Conventionally, the trophic-level based mode
tructured by trophic classes of�τ = 0.1 range step
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from trophic level 2 corresponding to secondary pro-
ducers to trophic level 5, value of 5 being considered
as sufficient to cover almost all top predators. Biomass
enters the system at trophic level 2 according to three
processes: secondary production due to grazing on pri-
mary producers, biomass recycling by the microbial
loops, and hatching for species whose early-stage lar-
vae feed on phytoplankton. We assume that carnivorous
larvae account for small inputs of biomass and can
be neglected. Thus, biomasses at trophic levels higher
than 2 come from the lower levels, not only by preda-
tion but also by ontogenic processes, since ontogeny
is generally associated with changes in trophic levels
or organisms during their life history. Finally, biomass
outputs occur at all trophic levels involving fishing mor-
tality and natural mortality other than predation.

Each process is not explicitly modelled. We just
consider the global biomass flow passing through the
ecosystem from low to upper trophic levels, accord-
ing to predation and ontogeny. Under steady state and
for a given amount of biomass entering trophic level 2,
biomass per trophic level is then expressed as the result
of this biomass flow:

Bτ =
∫ τ+0.1

τ

B(t, τ)

dτ
× dτ =

∫ τ+0.1

τ

Φ(τ) × dt

dτ
× dτ

(1)

whereB(t, τ)/dτ is the density of biomass present in the
ecosystem at timet and trophic levelτ, Bτ the biomass
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flow:

ψτ = µτ + ϕτ = − 1

Φ(τ)
× dΦ(τ)

dτ
(2.1)

hence,

Φ(τ +�τ) = Φ(τ) × exp[−(µτ + ϕτ) ×�τ] (2.2)

whereµτ is the natural loss rate of biomass flow andϕτ
is the fishing loss rate of biomass flow. Flow Eq.(2.2)
implies that the natural transfer efficiency between
trophic levels corresponds to exp(−µτ).

In our simulations, we use a simple form of this
equation considering that in unexploited situations
transfers efficiencies are equal for all trophic levels.
Based on values commonly cited in the literature, a con-
ventional transfer efficiency equal to 15% is considered
as a standard value. Low and high transfer efficiencies
are also simulated using values equal to 10 and 20%,
respectively (Fig. 1).

The second equation required by the biomass model
concerns the kinetics of transfers. Those ones are sel-
dom analysed or quantified in the literature. No formal
expression has been proposed to characterise them.
Hence, an empirical model is used assuming that the
time required to go from trophic levelτ to trophic level
τ +�τ follows a logistic curve. Such an assumption
allows to define the kinetics of transfers as follows:

τ = a× ln

(
eb×t − 1

)
(3.1)

F rbi-
t (see
T

resent in the trophic class ranging from trophic le
to trophic levelτ + 0.1 andΦ(τ) = dB(t,τ)

dt is the con
tant biomass flow passing trough trophic levelτ under
teady state (see also definition of parameters us
able 1).

The dt
dτ term is the inverse of a flow speed. Eq.(1)

hen traduces that biomass at a given trophic lev
qual to the biomass flow divided by the speed of
ow. Consequently, the trophic level based mode
uilt using two equations, one for biomass flow
he other for flow kinetics.

The biomass flow is assumed to follow a decre
ng curve due to natural losses occurring during tro
nd ontogenic transfers (non-predation mortality, e

ion and excretion, dissipation of energy by respirat
. .) and to fishing losses (catches). Those process
ormalized using for each trophic class a coefficien
otal loss equal to the instantaneous loss rate of bio
c

ig. 1. Biomass flow model: biomass flow per trophic level (a
rary units) for the three considered values of transfer efficiency
able 1).
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Table 1
The trophic-level based model: parameters definitions and values used in the simulations

Notation Parameter definition Values used in simulations

B(t, τ) Instantaneous biomass at timet and trophic levelτ
Bτ Biomass in the interval [τ, τ +�τ] Estimated from Eq.(4)
Bvτ Biomass in the interval [τ, τ +�τ] in the unexploited situation Estimated from Eq.(4), with ϕτ = 0
Bac, Bin Accessible and inaccessible biomasses Estimated from Eqs.(9.1)and(9.2)
Φ(τ) Biomass flow at trophic levelτ Φ(2) estimated from Eqs.(6.1) and(6.2), Φ(τ �= 2)

estimated from Eqs.(2.1)and(2.2)
µτ Natural loss rate of biomass flow, in the interval [τ, τ +�τ] Estimated from Eq.(5)
µvτ Natural loss rate of biomass flow in the unexploited situation Exploring values for e−µτ = 0.1,0.15 and 0.2
ϕτ Fishing loss rate of biomass flow, in the interval [τ, τ +�τ] Definite by Eq.(8)
Sτ Selectivity coefficient by trophic level Conventional logistic curves (Fig. 3)
mf Fishing effort mf = 0–2, by 0.2 range step
�t Time required by a unit of biomass to go from levelτ to levelτ +�τ Estimated from Eqs.(3.1)and(3.2)
a, b, c Coefficients of the transfer kinetics model (Eqs.(3.1)and(3.2)) Empirical values corresponding to a range of realistic

curves (cf.Fig. 3)
ατ Coefficient of top-down control (Eq.(5)) 0 (“bottom-up ecosystem”) or 0.8 (“top-down

ecosystem”)
β Coefficient of biomass input control (Eqs.(6.1)and(6.2)) 0 (“primary production-based ecosystem”) or 0.5

(“detritus-based ecosystem”)
ρτ Rate of transfer between inaccessible and accessible biomass, at levelτ Estimated from Eqs.(9.1) and(9.2), in unexploited

situation
Yτ Yield per unit of time in the interval [τ, τ +�τ] Estimated from Eq.(7)

hence,

dt

dτ
= 1

a× b
× c

c + e−τ/a (3.2)

with a, b andc parameters of the flow kinetics.
In our simulations,a, b andc are arbitrarily chosen

in a range of empirical values corresponding to realistic
curves (Fig. 2). Kinetics Eq.(3.1) may be interpreted
as determining the trophic level reached at timet, by
a unit of biomass starting at level 1 at a time close to
zero. Formally, the theoretical model has no dimension.
But if we accept that time is expressed in years, then
parameters used correspond to the idea that a unit of
biomass produced at level 1 at time zero reaches level
2 in some days, level 3 in some weeks and level 4
after around 6 months (Fig. 2a). Logistic curve (Eq.
(3.2)corresponds to fast transfers at low trophic levels,
according to high metabolism, and to slower transfers at
intermediate or high trophic levels. It also implies that
the speed of the flow, and therefore the time required to
go from one trophic level to the upper one, tends to an
asymptote for the highest trophic levels. But parameters
a, b andc may be chosen in order to display various
types of curves, corresponding to a slowing of biomass
flow which occurs at different trophic levels (Fig. 2b

andTable 1). A non-monotonous curve is also manually
defined in order to simulate poorly predated species, at
a given trophic level (around 3.0 here), whose presence
should induce a slowing in the biomass flow.

Finally, biomass Eq.(1) is reexpressed using a dis-
crete approximation of Eq.(3.2):

Bτ ≈ �t

�τ
×
∫ �τ

0
Φ(τ + x) × dx = �t

�τ

×Φ(τ) × 1 − exp[−(µτ + ϕτ) ×�τ]

µτ + ϕτ
(4)

For a given biomass flowΦ(2) entering the system
at trophic level 2, Eqs.(2.2) and(4) allow to estimate
the biomass flowΦ(τ) for each trophic levelτ and the
biomassBτ for each trophic class [τ, τ + 0.1]. Obvi-
ously, these quantities depend on transfer efficiencies
(µτ parameters), transfers kinetics (a, b, c) and fishing
parameters (ϕτ).

2.2. Top-down control and biomass input
control – Initialisation

Two types of considerations imply to go a little
bit further than this very simple model and to intro-
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Fig. 2. Model of the transfers kinetics: (a) relationship between the
time and the trophic level reached by a unit of biomass and (b) time
required by a biomass unit to go from trophic levelτ to trophic
levelτ + 0.1. The four curves correspond to various sets of empirical
parameters, used in order to simulate more or less fast transfers.
Dashed line traduces the presence of poorly predated species around
trophic level 3.

duce additional equations. First, if biomass flow at a
given trophic level is independent of its predators abun-
dance, then the model only admits bottom-up control.
Conversely, top-down control can be introduced in the
model by the mean of a relationship linking the nat-
ural loss rate of biomass flow at trophic levelτ, and
therefore the biomass flow and the biomass itself, to
the biomass of predators at trophic levelτ + 1. We
assume that the natural loss rates are known in the unex-
ploited situation. When predators abundance decreases

due to fishing, the natural loss rate of their preys also
decreases, according to:

µτ = (1 − ατ) × µvτ + ατ × µvτ × Bτ+1

Bvτ+1
(5)

whereατ is a coefficient expressing the extent of top-
down control at trophic levelτ andµv andBv are the
natural loss rate and the biomass in the unexploited
situation, respectively.

In our theoretical simulations, a simple form of Eq.
(5) is used with a constant coefficientατ =α for all
trophic levels. Two empirical extreme values ofα are
considered, in order to analyse effects of top-down con-
trol: α= 0 traduces an ecosystem without any top-down
control and conventionally called “bottom-up ecosys-
tem” andα= 0.8 corresponds to strong top-down con-
trols in a “top-down ecosystem”.

The second point deals with the amount of initial
biomass flow introduced in the system at trophic level
2. This flow is partly due to recycling of detritus and
to hatching. Then, we may reasonably assume that it
is partly dependent on the biomass present in the sys-
tem, which one is itself dependent on the biomass flow
at trophic level 2. This process introduces a feedback
effect on secondary production, that we call “biomass
input control”. We also assume that top-down control
may occur for trophic level 2. Therefore, according to
Eq.(2.2)calculi are initialised using:

Φ(2) = Φ(1) × exp

[
−
∑1.9

µ ×�τ

]
(6.1)
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(1) = (1 − β) ×Φv(1) + β ×Φv(1) × Btot

Bvtot
(6.2)

here β is a coefficient expressing the extent
iomass input control,µτ is defined by Eq.(5), Φv(1)

he fixed value of virgin biomass flow at trophic le
, Btot andBvtot are the total biomass (forτ≥ 2) in the
xploited and unexploited situations, respectively.

Simulations are conducted for two empiri
xtreme values.β = 0 traduces an ecosystem where
econdary production is issued from predation on
ary producers, detritus recycling and hatching b

onsidered as insignificant in terms of biomass in
uch an ecosystem is conventionally called “prim
roducers-based ecosystem”. Conversely,β = 0.5 cor-
esponds to an ecosystem where detritus and/or h
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ing represent a major part of biomass input and there-
fore are of great importance in the ecosystem function-
ing. Such ecosystems are called “detritus-based ecosys-
tems”. Conventionally, the valueΦv(1) is dimensioned
in such a way thatB2, the biomass for the first trophic
class, is equal to 1 when neither top-down control
nor biomass input control occur (α=β = 0) and with
standard parameters for transfer efficiencies and flow
kinetics. This allows to easily look at the consequences
of those effects and parameters on biomass per trophic
class.

2.3. Catch simulations

Catches per trophic class are deduced from previous
equations. During the period of time�τ, required to
go fromτ to τ +�τ, catches for each value of interval
[τ, τ +�τ] are equal toϕτ ×Φ(τ). Hence, we deduce
the catch made on this interval for a time unit:

Yτ = �t ×
∫ τ+�τ

τ

ϕτ ×Φ(τ) × dτ = �t × ϕτ

µτ + ϕτ

×Φ(τ) × (1 − exp[−(µτ + ϕτ) ×�τ]) (7)

Eq. (7) also traduces that catch made during a�t
period of time is equal to the fraction of the loss of
biomass flow, which is imputable to fishing.

Catches are simulated under various scenarios of
fishing, each corresponding to a selectivity curveSτ
d
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Fig. 3. Selectivity curves used for catch simulations. Each curve is
defined by a “trophic level of first catch”τ50, which conventionally
corresponds to selectivity equal to 50%. Forτ50 = 3, two curve shapes
are considered.

part of the ecosystem biomass is accessible to fisheries,
due to ecological, technological or market reasons. In
such a case no selectivity is considered for the fishing
loss rate (ϕτ = mf×µvτ), but yields are calculated by
Eq.(7) where the biomass flowΦ(τ) is replaced by an
accessible biomass flowΦac(τ). This one is defined by
two equations:

Φvac(τ) = Sτ ×Φv(τ) (9.1)

and

dΦac(τ)

dτ
= −(µτ + ϕτ) ×Φac(τ) + ρτ ×Φin(τ)

(9.2)

whereΦvac is the virgin accessible biomass flow,Sτ
the reference selectivity,Φac andΦin the accessible
and the inaccessible biomass flow andρτ is a rate of
transfer between those two biomasses for trophic level
τ. Theρτ are firstly calculated using relationship(9.2)
applied to an unexploited situation (thusΦac andΦin
are known by Eq.(9.1)). Then, they are used in Eq.(9.2)
to estimate theΦac(τ) andYτ for various exploitation
schemes.

Simulations are conducted using Excel sheets and
visual basic macros. Some parameters are cross-
dependent and equations must be solved by iterations
until convergence. We firstly look at the effects of
transfer efficiency and flow kinetics on the biomass dis-
tribution in an unexploited ecosystem. Using standard
v hing
efining which trophic levels are targeted (Fig. 3). In
ll simulations, fishing loss rates are specified relati

o the natural loss rateµvτ , as:

τ = mf × Sτ × µvτ (8)

here mf is a fishing effort ranking from 0 (no fishin
o 2 (strong fishing) in the simulations, by 0.2 ran
tep.

A reference scenario is defined correspondin
trophic levelτ50 = 2.5 (i.e.Sτ = 0.5 at trophic leve

.5) andτ95 = 3.0; it traduces a fishery poorly target
ow trophic levels but nearly all levels higher than
lternative scenarios correspond to lower (τ50 = 2.0) or
igher (τ50 = 3.0) first trophic levels targeted, with tw
electivity curve shapes for this last case (seeFig. 3).

In these four scenarios we admit that all the biom
an be caught, even if poorly targeted. Converse
fth and last scenario is built assuming that onl
 alues for those parameters, we then analyse fis
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impact on biomass and yields, with mf ranking from
0 to 2, for the five scenarios of fishing patterns previ-
ously defined. Four types of virtual ecosystems are here
considered, depending on whether they are “bottom-
up or top-down controlled” and “primary producers
or detritus-based”. Finally, we get back on efficiency
and kinetics parameters briefly studying their impact
on the ecosystem response to fishing. For each sim-
ulation, we calculate: yield and biomass per trophic
level, total yield and biomass, mean trophic level for
yields and biomass. Yield and biomass per trophic class
are plotted according to trophic level, which graphical
representation corresponds to trophic spectrum as pro-
posed byGascuel et al. (2005a). Only most significant
results are of course presented hereafter.

3. Results

3.1. Impact of transfer efficiency and kinetics of
transfer, on unexploited biomass

In an unexploited ecosystem, transfer efficiencies
and flow kinetics determine the amount of biomass
and its distribution per trophic level. Top-down and
biomass input controls have here no effect since they
only occur when fishing decreases the biomass. Trans-
fer efficiencies have a direct impact on abundance of
high trophic levels (Fig. 4a). For a given biomass flow
entering trophic level 2, ecosystems with low transfer
e ass
a on-
t s in
a

bu-
t
T s in
t For
a low
b ophic
c ses,
d phic
c n is
w r-
m e to
t line
o ctor
o tion

Fig. 4. Impact of transfer efficiencies (a) and kinetics of transfers
(b), on the biomass distribution per trophic level, in an unexploited
ecosystem. Efficiencies and kinetics used refer toFigs. 1 and 2for
(a) and (b), respectively.

in the food web. They particularly allow to explain
non-monotonous distributions of biomass according to
trophic level, while biomass flow could only exhibit a
continuous decreasing curve, due to flow losses occur-
ring during predation or ontogenic transfers.

3.2. Impact of fishing on ecosystem biomass

Exploitation does not affect kinetics of transfers
but impacts the biomass flow, eventually affecting the
ecosystem biomass (Fig. 5). Logically, the higher the
exploitation rate is, the more the total biomass de-
creases. In the same way, starting exploitation at lower
trophic levels leads to a stronger biomass decrease.

More precisely, impact of fishing differs according
to the considered ecosystem functioning. In a “bottom-
up ecosystem”, exploitation has a large impact on the
fficiencies will be characterized by a small biom
nd dominated by low trophic levels. On the c

rary, supporting high abundance of top predator
n ecosystem implies high transfer efficiencies.

The flow kinetics also affect the biomass distri
ion, but including now low trophic levels (Fig. 4b).
hey notably induce an accumulation of biomas

rophic levels characterized by slow transfers.
given biomass flow, fast transfers lead to

iomasses, because the flow just passes through tr
lasses, while slow transfers imply high biomas
ue to an accumulation of biomass in each tro
lass. This phenomenon of biomass accumulatio
ell illustrated by simulating a slowing flow at inte
ediate trophic levels corresponding for instanc

he presence of poorly predated species (dashed
n Fig. 4b). Flow kinetics thus appears as a key fa
f ecosystem functioning and of biomass distribu
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Fig. 5. Impact of fishing on the ecosystem biomass. First line displays trends in the total ecosystem biomass according to fishing effort, for three types of ecosystem functioning
and four selectivity curves (defined each by their trophic level of first catch (seeFig. 3); dashed line refers to the occurrence of inaccessible biomass). Second line displays impact
of increasing fishing efforts on the biomass trophic spectrum (i.e. the biomass distributions per trophic level), for the same ecosystems but for the reference selectivity only.
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total ecosystem biomass (Fig. 5a and b). It may lead
to strong biomass depletion when first trophic lev-
els targeted are low. In our simulations, reduction in
total biomass can reach for instance a factor more than
3, for τ50 = 2.0. In such “bottom-up ecosystems”, all
exploited trophic levels are affected by fishing. The
decrease is especially marked for the highest ones
because they combine a loss of their preys and the
direct impact of catch. For example, with the reference
selectivity, we simulate a more than 95% reduction for
trophic levels higher than 3.5.

In a “top-down ecosystem”, the decrease in preda-
tors abundance leads to a release from predation. This
compensates, at least partially, the fishing pressure on
preys. It can induce an increase in abundance, notably
for the less exploited low trophic levels (Fig. 5d). More
generally, in all cases of fishing patterns, top-down
controls contribute to the stability of the total biomass
(Fig. 5c) and thus appear to induce an ecosystem ability
to react to exploitation. Except when the first trophic
level of catch is very low, the total biomass reduc-
tion appears limited even for the strongest exploita-
tion rates. Of course, it does not mean that no change
occurs in the ecosystem and we notably observe that top
predators tend here too to disappear with fishing. Addi-
tional results can be observed for some fishing patterns.
If the fishery only targets high trophic levels with a
strong selectivity (τ50 = 3), a cascade effect is simulated
(Fig. 6a); biomasses at intermediate trophic levels sig-
nificantly increase while the lowest ones decrease. We
n tiv-
i ease
f ing
o on-
s eing
c n
e m in
f e a
l own
c rns.

rol,
t log-
i s
d itors
a recy-
c uc-
t ld be
m ary

Fig. 6. Cascade effect (a) and resilience effect (b), in a top-down
ecosystem: impact of increasing fishing efforts on the biomass
trophic spectrum (a) corresponds to the selectivity curve noted
“τ50 = 3.0 strict” and (b) to “τ50 = 3.0 progressive” (seeFig. 3).

producers-based ones”. High exploitation rates asso-
ciated to low trophic levels for first catches can lead
to a collapse of total biomass, with for instance a five
times reduction in our simulations. Nevertheless, such
a sensitivity of “detritus-based ecosystems” is only
observed when no top-down control occurs. Indeed,
we have seen here before that this last control leads to
low impact of fishing. It induces a small detritus or gen-
itors reduction, and then a small effects for the biomass
input control. Consequently, considering both effects,
biomass input and top-down control, leads to results
(not shown) which are very close to those obtained
for primary production based and top-down control
ecosystems (Fig. 5c and d). In other words, top-down
control appears as an important factor for ecosystem’s
resistance to fishing. Not only it may induce a partial
but direct compensation between catches and predation
otice that such an effect only occurs if a strict selec
ty is considered, leading to a marked biomass decr
or top predators only. Inversely, selectivity increas
n a large range of trophic levels leads to fairly c
tant biomasses for all preys, predation release b
ompensated by fishing (Fig. 6b). Such a simulatio
xhibits a high resilience of the biomass ecosyste
ace of fishing. It shows that exploitation may hav
ow impact of the ecosystem biomasses, if top-d
ontrols exist and for some particular fishing patte

When taking into account biomass input cont
he fishing impact on ecosystem biomass appears
cally as being raised (Fig. 5e and f). The biomas
ecrease directly due to catching implies fewer gen
nd detrital biomasses, and then a lower biomass
ling and recruitment that amplifies the initial red
ion. Therefore, “detritus-based ecosystems” shou
ore sensitive to fishing pressure than the “prim
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Fig. 7. Trends in accessible and inaccessible biomasses (Bac and
Bin), according to fishing effort. Simulations have been conducted
for a bottom-up and a top-down ecosystem.

release, but also it tends to inhibit feedback effects that
fishing could imply through the reduction of biomass
recycling.

Considering now that low trophic levels are partly
inaccessible to fishing does not strongly modify esti-
mates of total biomass decrease due to fishing. Indeed,
in the four considered cases of ecosystem functioning,
the fishing impacts biomass in the same order of mag-
nitude, either selectivity is used to define exploitation
rates applied to the whole biomass, or that it is used
to define the accessible biomass (Fig. 5). Neverthe-
less, the composition of the biomass has been modified
(Fig. 7). In bottom-up ecosystem, increasing fishing
effort has logically no effect on inaccessible biomass.
Thus, the reduction of total biomass conceals a much
more higher reduction for the accessible biomass. In
our standard simulation, the first one is around 35%,
while the second reaches 50%. When top-down con-
trol is considered we additionally observe an increase
in the inaccessible biomass. In a way, the sea “fills up”
with unexploitable species while the targeted ones tend
to disappear.

All simulations presented above refer to standard
values of transfer efficiencies and flow kinetics para-
meters. Modifying these values does not affect our qua-
litative results. On the other hand, it allows us to look
at their influence on the ecosystem response to fishing.
We notably observe that increasing transfer efficien-
cies leads to higher fishing impact on the total biomass
(Table 2). In the same way, ecosystems characterized
b res-
s irect

consequence of a change in the biomass distribution,
high transfer efficiencies and fast biomass flow leading
to high abundances of predators, which are the most
affected by fishing.

3.3. Catches simulation

In all virtual simulated ecosystems and for all
considered fishing patterns, total yield appears as a
monotonous growing function of fishing effort (Fig. 8).
In bottom-up ecosystem, yield tends towards an asymp-
tote (Fig. 8a). It is easy to demonstrate that this one
corresponds to the catch of the whole biomass present
in the first exploited trophic class, before fishing. Con-
sequently, the lower the trophic level of first catch is,
the more the total yield increases. In other words, tar-
geting close to secondary production enables higher
catches. This is besides true, whatever the fishing pres-
sure is. For example, moving fromτ50 = 3 to 2 in our
simulations induces a four time increase in total yield.

In top-down ecosystem, potential of yield is greatly
augmented, due to higher biomasses induced by preda-
tion release on low trophic levels (Fig. 8b). In such case,
increasing effort leads to increasing biomass of preys
and thus to increasing total catch. Consequently, the
potential yield appears extremely high, easily exceed-
ing the initial amount of biomass at trophic level 2
(conventionally fixed equal to 1 in simulations). Here
too, this potential is of course as much higher than
trophic level of first catch is low.
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y fast transfers appear more sensitive to fishing p
ure. In both cases, this increased sensitivity is a d
Considering biomass input control leads to differ
esults (Fig. 8c). The biomass input reduction induc
y fishing implies here limited potentials for yie
omparatively to the reference case, catches are a
0% reduced by the simulated biomass input con
hus, detritus-based ecosystem eventually appear
itive to fishing, in terms of impact on biomass, a
oorly productive, in terms of catch. Of course, as
iomass, this is only true if no top-down effect inhib

he biomass input control.
More generally, the fact that no global overfi

ng, characterised by decreasing catches for hig
xploitation rates, is observed in our range of sim
ion may seem a quite surprising result. In fact, it is
onsequence of the biomass distribution, which is
rally strongly decreasing for the targeted trophic
ls. Hence, when fishing effort increases, catch m

ncreasingly on low and more abundant trophic le
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Table 2
Influence of transfer efficiencies and transfer kinetics on the ecosystem response to fishing: total biomass without (mf = 0) and with (mf = 2)
fishing, and residual biomass after fishing (Btot (mf = 2)/Btot (mf = 0)), for the various values of efficiency and kinetics parameters

Parameter value Btot (mf = 0) Btot (mf = 2) Residual biomass (%)

Influence of transfer efficiencies
Bottom-up ecosystem e−µv,τ = 0.10 7.16 4.43 61.2

e−µv,τ = 0.15 9.15 5.32 58.1
e−µv,τ = 0.20 11.23 6.22 55.4

Top-down ecosystem e−µv,τ = 0.10 7.16 6.57 91.8
e−µv,τ = 0.15 9.15 7.76 84.8
e−µv,τ = 0.20 11.23 8.90 79.3

Influence of transfer kinetics (cf.Fig. 2)
Bottom-up ecosystem Slow transfers 9.80 6.15 62.8

Reference 9.15 5.32 58.1
Fast transfers 7.57 3.57 47.2

Simulations have been conducted for reference selectivity curve and for a primary production-based ecosystem.

(Fig. 9a). Even if these low levels are less targeted, they
are able to produce high catches for strong exploita-
tion rates. Considering inaccessible biomasses does not
modify this result, because flow coming from inac-
cessible biomass regenerates the accessible biomass
depleted by fishing. Here too, total yield rises to an
asymptote, which corresponds now to the catch of the
whole input of accessible biomass. At last, it appears
that global overfishing may only occurs in assum-
ing strong biomass accumulation for a given range of
trophic levels, and for a strict selectivity with fisheries
only targeting those levels. It may be for instance sim-
ulated while applying very high exploitation rates to
our biomass distribution coming from the presence of a
poorly predated species (Fig. 10). In such case, biomass
input control logically aggravates overfishing.

While global overfishing may only be simulated
for particular biomass distributions and fishing pat-
terns, it is currently observed in all simulations at the
scale of some trophic classes (Fig. 9b). Indeed, high
trophic levels are more sensitive to fishing and are
thus the firstly over-exploited ones when fishing effort
increases. In the reference simulation, full exploitation
is for instance reached with mf = 0.4 for trophic levels
higher than 4, with mf = 0.6 for trophic level 3.5 and
with mf = 1 for trophic level 3. This higher sensitivity of
high trophic levels appears as a major characteristic of
the ecosystem functioning. It is not only due to addition
of direct impact by catching and indirect impact due
to prey’s reduction, but more essentially to the slower
biomass transfers in upper trophic levels. Slower flow
implies slower biomass regeneration and leads to more

F o fishin electivity
c

ig. 8. Catches simulation: variation of total yield according t
urves (seeFig. 3).
g effort, for three types of ecosystems functioning and four s
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Fig. 9. Catches simulation: (a) catch trophic spectra (i.e. catch dis-
tributions per trophic level) obtained for increasing fishing efforts
and (b) trends in catches per trophic level according to fishing effort
(only some trophic levels are presented). Simulations have been con-
ducted for the reference selectivity curve, and a bottom-up primary
production-based ecosystem.

Fig. 10. Overfishing simulation. Curves corresponding to an over-
fishing phenomenon are obtained for a biomass distribution traducing
an accumulation of poorly predated species around trophic level 3
(dashed line onFig. 2 and for a particular selectivity curve (Sτ = 0
for τ < 2.5 andSτ = 1 otherwise). Only bottom-up ecosystems are
considered.

Fig. 11. Trends of the mean trophic levels: (a) trends in the biomass
mean trophic level, according to fishing efforts, for various scenarios
of selectivities and controls and (b) relationships between catch and
mean trophic level of catch, for the same scenarios.

vulnerable resources. Thus, once again, transfer kinet-
ics appear as a major factor for our understanding of
ecosystem response to fishing.

A consequence of the higher sensitivity of upper
trophic levels is the decrease of mean trophic lev-
els induced by fishing. When fishing effort increases,
the mean trophic level of the ecosystem biomass
decreases, at the same time that predators tend to dis-
appear (Fig. 11a). This phenomenon is observed even
if exploitation rates are equal for all trophic levels. It
directly results from the slowing of the flow at upper
trophic levels. Of course, it also depends on the scenario
used in terms of fishing pattern. We have seen before
that targeting low trophic levels induces higher biomass
reduction; it then leads to a stronger decrease for the
mean trophic level (from 2.6 to 2.2 in our standard sim-
ulation). Conversely, targeting only high trophic levels
leads to a small decrease in terms of total biomass as
well as in terms of mean trophic level (from 2.6 to 2.4).
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In all cases, top-down control may reduce the mean
trophic level decrease, by reducing the biomass deple-
tion itself.

On the other hand, the mean trophic level of yield
follows quite similar trends whatever the trophic level
of first catch is. Expressing it according to the amount
of catches gives a synthetic overview of quantitative
and qualitative changes occurring when fishing effort
increases (Fig. 11b). Ranking from no fishing to intense
fishing (mf = 2) approximately induces a 0.4 decrease
in the mean trophic level of catch, for all simulated fish-
ing pattern, and even if this amount of yield is very dif-
ferent. Here too, top-down control limits the decrease,
in the same time as potential yield is augmented.

4. Discussion

4.1. Building a theoretical model of ecosystem
functioning

In oceans, predation appears to be the main pro-
cess, which structures biological communities and
determines ecosystem dynamics (Martinez, 1995; Hall,
1999). Comparatively to terrestrial ecosystems, habi-
tats are probably distributed more continuously, but
trophic relationships may be significantly more com-
plicated. Two species can for instance be alternatively
prey and predator one to each other, at various stages of
their life and food chains appear generally longer than
f
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ontogenic processes. Ecosystem biomass is here dis-
tributed along a continuum of trophic level values, and
trophic classes are only used as an approximation of
the continuous distribution. Therefore, each biomass
unit is characterized by its trophic level, whatever his
species. Reciprocally, each species may be distributed
over a range of trophic classes, changing not only with
ontogeny but also with the ecosystem state. We can
thus consider that changes in the biomass distribution
induced by fishing, not only correspond to changes in
the specific composition but also from modifications
of mean trophic level and trophic distribution for each
species.

The model presents some similarities with body-
size based models and size spectra analysis, where all
species are aggregated too, and the biomass is continu-
ously distributed according to animals’ length (reviews
by Bianchi et al., 2000; Benoı̂t and Rochet, 2004;
Shin et al., 2005). In such approaches length is the
key parameter used to investigate trophic relationships
among fish and is considered as one of the main fac-
tor determining ecosystem dynamics. It can then be
regarded as the cause, whereas trophic level may appear
as an emergent result of these dynamics, providing an
a posteriori metric of the trophic processes involved.
Even if both parameters, body size and trophic level,
are correlated at the community level (Jennings et al.,
2001), their relationship remains quite complex and it is
easier to build trophodynamic models directly based on
the metric of trophic levels itself. It appears as a com-
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Therefore, quantifying and modelling biomass

ribution in the food web, and the biomass flows
ell, is recognized by most marine ecologists as a

o improve our understanding of ecosystems funct
ng (Pahl-Wostl, 1997; Cury et al., 2003). This trophic
unctioning is particularly supposed to determine
cosystem response to fishing.

Usual ecosystem models, as Ecopath with Eco
Christensen and Pauly, 1992; Walters et al., 1997), are
uilt with discrete trophic boxes, bringing together
pecies or all biological stages whose place in the
eb is considered to be sufficiently close. In a way, s
odels remain based on species, whose mean tr

evel emerges as the result of their diet or of their trop
references. The trophic-level based model does
nymore consider species, and takes into accou

ransfers together, that they result from predatio
lementary approach to length based models, w
re more adapted to analyse the determinism of p

ors/preys relationships.
Of course, specific composition of an ecosys

emains a major factor of its functioning. But n
xplicitly taking species into account does not im
hat they have no effects in the model. Specific c
osition notably determines transfer efficiencies

rophic class and flow kinetics, as well as the ex
f top-down and biomass input controls. For insta
e have seen how considering the presence of p
redated species may affect the biomass distrib
nd the ecosystem dynamics. Nevertheless, all pa
ters except transfer efficiencies are assumed
onstant whatever the ecosystem state. In a sense
re considered as ecological characteristics of a g
cosystem, in the same way as growth is for inst
onsidered as a biological and constant charac
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tic of each species in simple mono-specific models. It
remains that assuming constant values of such param-
eters is a strong assumption of the model, implying
that they are independent of changes occurring for each
trophic class in its specific composition, notably due to
fishing. Of course, a more sophisticated model could be
built to raise this hypothesis, defining for instance den-
sity dependent relationships for kinetics or top-down
control. But the lack of real observations makes it illu-
sory and a simpler model is certainly more useful for
the moment. In the context of a theoretical purpose, we
thus have chosen to accept a density-dependence only
for efficiencies.

An other characteristic of our approach is that it is
not based on one or several case studies. The trophic-
level based model is here built as a theoretical tool, in
order to analyse fishing impacts in a virtual ecosystem.
At the same time, the model is supposed to represent
the functioning of real ecosystems, in a more or less
realistic way. This implies judicious choices in term
of considered processes, used formalisations and value
of parameters. Regarding this last aspect, the choice
of transfer efficiencies is probably the less problem-
atic one. Because our transfers include ontogenic pro-
cesses, we used a value equal to 15% which appears
rather high comparing to the about 10% commonly
cited in the literature for trophic efficiency (Pauly and
Christensen, 1995; Jennings et al., 2002). Besides, 10
and 20% values are used too. It allows us to cover the
range of transfer efficiencies that seems realistic.
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part of our qualitative results, whatever we use as math-
ematical formulation of the slowing of the flow.

Top-down control is recognised by various authors
as an important factor of ecosystem functioning (e.g.
Hunter and Price, 1992; Cury et al., 2003; Chassot et al.,
2005), but few quantitative models of this process have
been developed until now. Once again, we use a large
range of values, assuming they are sufficient to cover
the realistic extents of top-down control. Due to the
lack of real observations, we also accept in simulations
a very simple model with a parameterα that is the same
for all trophic levels. Nevertheless, no theoretical diffi-
culty exists, except estimate, to build a more complex
trophic-level based model, where control effects would
be defined by trophic level. Here, in a virtual simulation
context the simplest model appears sufficient.

Probably more important is the mathematical for-
mulation that we have chosen to formalise the top-
down effect. Assuming that the transfer efficiency of a
given trophic level depends on its predators abundance,
implies an adaptation process of the predator/preys
relationship to the ecosystem state. When predators
abundance decreases, various ecological mechanisms
may interfere. Probably one of the most important is the
decrease of intra-specific competition between preda-
tors, leading to an increase of their individual food ratio
and to a better productivity, eventually inducing higher
trophic transfers from their preys. Additionally, we can
imagine that preys, whose abundance and intra-specific
competition increase, may be urged to change their
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Choosing flow kinetics parameters remains m
roblematic because this aspect is less studied i

iterature. Some authors have analysed the delay o
ing between events of primary production bloo
nd corresponding abundance peaks for predator
xample,Maury (1998)mentions a 3–6 months la
rom primary production to Yellowfin tuna conce
ration in Atlantic fisheries. We used here an em
cal equation parameterised in such a way that
ime required to go from level 1 to 4 is equal to
onths too. This value is probably not unreasonabl

emains largely unknown. Thus, further investigati
re unquestionably needed on transfer kinetics. N

heless, the choice of parameters appears not ess
or a theoretical approach, from the moment we ad
hat the speed of the flow decreases from low to u
rophic levels. Indeed, such a hypothesis, which se
ndoubted, is finally sufficient to determine the m
l

iet towards upper trophic levels, leading to hig
ntogenic transfers. In a way, formalisation used

op-down effect corresponds to the introduction in
odel of a generalised density dependent relation
y which production of each trophic level is fina
ependent on biomasses present in all trophic lev

The model is built using a conventional and fix
alue for the secondary production, occurring with
shing. Thus, it does not take into account the nat
ariability of primary production and climate effec
n secondary production. Nevertheless, all results
e considered as being relative to a given environm
tate and would not qualitatively change for other c
itions. Besides, any relationship identified betw
nvironment and primary and/or secondary produc
ould easily be added to the model and would thus a
o analyse environment effects on yield. On the o
and, indirect effects of fishing on secondary prod
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tion are considered in the model, by the mean of the
equation of biomass input control.

At last, whatever its parameterisation and even its
mathematical formulation are, the trophic-level based
model relies on very simple and little questionable
assumptions. The first one is that secondary produc-
tion transits in the food web, from low to upper trophic
levels, and that these transfers occur with some losses
depending on natural factors and on fishing. The second
one is that kinetics of the biomass flow is characterised
by faster transfers at low trophic levels, according to
higher metabolism rates. Probably the key point of the
model is that we have found that biomass, present at a
given trophic level under steady state conditions, is sim-
ply the biomass flow divided by the speed of the flow.
The third assumption is that biomass of preys may be
(or may be not) dependent on their predators. As pre-
viously discussed, such top-down control introduces
a density dependent effect in the model. And finally,
we consider that secondary production may be partly
dependent on biomass recycling or larvae recruitment.

Of course the model is a strong simplification of the
ecosystem complexity and many others factors may
have some great effects on its functioning. Neverthe-
less, we have found that taking into account only these
very simple processes appears sufficient to explain
various functioning patterns and various responses to
fishing pressure observed in real ecosystems. The best
argument of the trophic-level based model must be that
it appears as a useful tool for our understanding of
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of biomass transfers appear comparatively much less
studied. A noticeable result of the model is that the
flow speed appears as a key characteristic of ecosys-
tem dynamics too. It allows to convert biomass flows
into biomasses present at each trophic level and would
then require to be analysed in real cases. Reciprocally,
kinetics could be estimated and used for simulations,
knowing the flows and biomasses per trophic level for
a given steady state.

On the other hand, efficiency and kinetics notably
determine the occurrence of top predators and then
should act upon ecosystem functional biodiversity. It
is generally recognized that mature ecosystems dis-
play higher biodiversity (Odum, 1969). That means that
ecosystem maturation should occur with increasing
efficiencies and biomass flow speed. Conversely, low
efficiencies and/or slow transfers, leading to biomass
accumulations at low trophic levels, would characterize
disturbed ecosystems. In a way, fishing constitutes such
a disturbance, by adding “fishing losses” to the natu-
ral losses occurring during biomass transfers towards
higher trophic levels.

Extent of top-down control is another important fac-
tor of ecosystem functioning. This control does not
replace bottom-up control but may add to it. Logi-
cally, considering biomass flows leads to the conclusion
that predators must always depend on they preys; in a
way, everybody needs to eat (and begins his life at low
trophic level in our simple model). Reciprocal relation-
ship is not always true, because some species could
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cosystem’s functioning in both ecological and fi
ries contexts.

.2. Learning from the model

What do we have finally learned from the mod
irstly, the model confirms that parameters and
esses taken into account may have a great influ
n the ecosystem functioning. It notably highlights t

or a given secondary production, biomass distribu
n the food web depends on three major character
f the ecosystem dynamics: the transfer efficiency
peed of the biomass flow and the extent of top-d
ontrol. Consequently, the corresponding param
re of great interest for modelling ecosystems.

s already well known for transfer efficiencies, wh
re intensively studied by numerous authors (e.g.Pauly
nd Christensen, 1995; Jennings et al., 2002). Kinetics
e not or less predated. Nobody needs to be eat
redator at his end (and to moves upon upper tro

evels by ontogeny)! Nevertheless, we know that
ation is a major reason for natural mortality and m

hen induce top-down control (Hunter and Price, 199
ala et al., 1998).
In case of fishing, this control implies that ca

n a given trophic levels impacts all the levels
otably induces a biomass increase for the lower o
hose effect has been observed in several ecosy

e.g. Reid et al., 2000; Worm and Myers, 2003). In
est Africa for instance, fast increase of the fish

ressure during the last decades leads to a s
ver-exploitation for species of upper trophic lev
Gascuel et al., 2005b), and would be responsible
ow level’s increase, notably observed for octopu
rawn populations (Caverivìere, 1993; Laurans et a
004; Gascuel et al., 2005a). Such effects are genera
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considered as a major aspect of the ecosystem impact
of fishing (e.g.Goñi, 1998; Jennings and Kaiser, 1998;
Hall, 1999).

Cascade effects due to fisheries, involving increas-
ing biomass at intermediate trophic levels and a
decrease for the lower ones, are more difficult to
observe in real ecosystems (Pace et al., 1999; Pinnegar
et al., 2000; Cury et al., 2003). Model shows that such
cascade effects only occur for some particular fishing
patterns, strictly and strongly targeting highest trophic
levels. It also indicates that top-down effects may oppo-
sitely lead to rather constant biomasses for all trophic
levels whatever the fishing pressure. Additionally, con-
sidering the natural variability and measure errors, eas-
ily explains that such effects may be quite unobservable
in open oceans.

Otherwise, the model allows us to identify some
main factors determining the sensitivity of an ecosys-
tem in face of fishing. Indeed, results show that high
transfer efficiencies, fast biomass flows and strong
feedback effects on biomass recycling lead to sensitive
ecosystems, where fishing may induce severe biomass
depletions. Of course, this depends on fishing pattern
too, and notably on the trophic level of first catch,
biomass decrease being of as much stronger that this
level is low. Conversely, we have seen that top-down
control appears as an important feature of ecosystem
resistance to fishing. It induces a relative stability of
the total biomass and may inhibit feedback effects of
fishing on biomass input.
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biomasses existing at low trophic levels allow to imag-
ine very high yields, from the moment we accept and
are able to catch them. The world secondary production
of the sea is notably estimated around 1900 millions
tonnes (Ryther, 1969), when fisheries production is
around 85 millions tonnes. Nevertheless, until now and
probably for a long time, lower levels remain largely
unexploited for technological and commercial reasons.

In the same time, the nearly indefinite increase of
total yield with fishing pressure does not mean that this
increase may occur without inducing strong difficul-
ties. First, biomass collapse may occur and should be
considered as a loss of our natural patrimony. It induces
a decrease in functional biodiversity that could have
strong consequences regarding ecosystem resilience
facing the natural variability of environment. It also
induces a decrease in fisheries efficiency, the remain-
ing biomass being more and more difficult to catch.
Strong fishing pressure eventually leads to significant
over-exploitation for resources of high trophic level.
Top predators tend to disappear from ecosystem and
catches. The decrease of mean trophic level could addi-
tionally induce a decrease of product price, adding
profitability loss to the decrease of fisheries efficiency.
Both ecological and economic disasters are then able
to occur. Unfortunately, such situations are currently
observed in many real cases.

Even if the model leads to consistent results com-
pared with real observations, it has been presented until
now as a theoretical approach considering a virtual
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More generally, the model appears as a relevant
esentation of ecosystem impact of fishing. It highlig
iomass and mean trophic level decreases, induc

ncreasing fishing pressure, which changes are
ell demonstrated in many ecosystems (Pauly et al.
998, 2002). It also explains some changes in spec
omposition of the ecosystem, as for instance, the
ive or absolute increase of unfishable biomass ind
y exploitation. The model can thus be considere
relevant theoretical basis to explain the distribu

er trophic level of the ecosystem biomass, and
ng impact on this distribution. It therefore constitu
he theoretical basis for the use of biomass tro
pectrum as a new ecosystem indicator (Gascuel et al
005a).

A noteworthy but at least logical result of the mo
s that a global overfishing, leading to decreas
otal catches, seems difficult to obtain. The oce
cosystem. We wish finally to briefly discuss its ab
o be applied to real case studies. Indeed, in a re
aper (Gascuel and Chassot, submitted for publ

ion) we propose the catch trophic spectrum ana
CTSA) as a method to estimate biomasses and
ng loss rates per trophic level, based on catch d
his approach uses reverse forms of the trophic-
ased model equations, and may be directly susta
y simulations using the model itself. In order to

he method, CTSA has been applied to Celtic Sea
orth Sea fisheries, as well to simulated data. Se

ivity analysis show that relative results appear ro
ven if the absolute values remains largely doub
ecause of the lack of information for some in
arameters, like notably those defining transfer ki

cs. More important, this test allows us to conclude
o theoretical difficulties exist to apply the trophic le
ased approach to real case studies. Practical dif
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ties come from parameters estimate. They finally show
that ecosystem approach to fisheries logically requires
strong research efforts in order to routinely estimate
not only catches per trophic level but also parameters
as transfer efficiencies and flow kinetics too. Multiply-
ing comparative analysis, using a trophic-level based
approach applied to real ecosystems, should also help
us to better evaluate the realistic range of some param-
eters as extent of top-down control. It appears as the
next step required to improve the methodology.

5. Conclusion

During nearly half a century, fisheries manage-
ment has been essentially based on mono-specific
approaches using simple models of the harvesting pop-
ulation’s dynamic. These models constitute simultane-
ously theoretical and practical tools. Indeed, they allow
a theoretical representation of fishing effects on a vir-
tual population, in term of biomass or age structure.
Everybody knows, for example, how aSchaefer model
(1954)can be used in order to illustrate concepts as
overfishing or maximum sustainable yield. In usual age
structured models (Ricker, 1954), theoretical simula-
tions may be conducted in order to analyse impact of
fishing mortality or selectivity curve on catches, with-
out any reference to a given stock. In the same time,
these mono-specific models may be applied to real data,
in order to provide diagnosis and forecasts. They are
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flows, and introducing top-down and biomass input
controls leads to strong differences between both mod-
els.

It remains that the trophic-level based model allows
catches and biomasses theoretical simulations at an
ecosystem scale, in the same way as an age struc-
tured model allows this at a single species population
scale. In that sense, we have shown here that the pro-
posed model may contribute to our understanding of
ecosystem functioning in both ecological and fisheries
context. Even if more researches are needed, first tests
also tend to demonstrate that the model may be a prac-
tical tool for diagnosis and forecast in real cases. It
should then be consider as a promising way for improv-
ing ecosystem approach to fisheries.
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